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ABSTRACT: Protein tyrosine phosphatases (PTPs) are important enzymes involved in signal transduction, 
cell cycle regulation, and the control of differentiation. Despite the importance of this class of enzymes 
in the control of critical cell processes, very little structural information is available for this family of 
proteins. In this paper, we present the first solution structure of a protein tyrosine phosphatase. This 
protein is a low molecular weight cytosolic PTP that was initially isolated from bovine heart. The structure 
that was determined from 1747 NMR-derived restraints consists of a central four-stranded parallel @-sheet 
surrounded by four a-helices and a short 310 helix. The phosphate binding site, identified by chemical shift 
changes upon the addition of the competitive inhibitors phosphate and vanadate, is in a loop region connecting 
the C-terminal end of the first @-strand with the first a-helix. Residues in the second, fourth, and fifth 
a-helices and in some of the loop regions connecting the elements of regular secondary structure also 
contribute to the binding site. The structure determined here is consistent with previous mutagenesis and 
chemical modification studies conducted on this protein. 

Protein tyrosine phosphorylation is an essential component 
of the intracellular signal transduction pathways that regulate 
cell growth, proliferation, and differentiation (Fischer et al., 
1991; Charbonneau & Tonks, 1992; Walton & Dixon, 1993). 
The level of protein tyrosine phosphorylation is controlled by 
the combined activity of two classes of enzymes which catalyze 
the phosphorylation and dephosphorylation reactions: the 
protein tyrosine kinases (PTKs)' and the protein tyrosine 
phosphatases (PTPs), respectively. The role of PTKs in 
activating signaling responses has been well documented 
(Hunter &Cooper, 1985;Yarden & Ullrich, 1988). However, 
the structure, substrate affinities, and regulation of the PTPs 
are poorly characterized. 

Like the PTKs, the PTPs include a large number of proteins 
which appear to be present in all organisms. The PTPs can 
be classified into different groups according to their physi- 
ological roles, subcellular locations, and sequence similarities. 
One class of PTPs consists of the receptor-like transmembrane 
PTPs. An example of this class of PTPs is CD45, which is 
involved in T-cell activation through ligand-modulated de- 
phosphorylation of phosphotyrosine-containing proteins (Tonks 
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magnetization transfer through the attached carbon nuclei; HMQC-J, 
modified HMQC experiment used to measure the intraresidue HN-Ha 
couplings. 
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et al., 1988; Chiu et al., 1994). The receptor-like PTPs consist 
of two intracellular catalytic domains and extracellular 
segments for responding to a variety of ligands. There are 
also cytosolic PTPs which have a single catalytic domain with 
sequence similarity to the receptor-like PTPs. These proteins 
may also contain targeting and regulatory modules such as 
Src homology 2 (SH2) domains (Shen et al., 1991; Yi et al., 
1992; Feng et al., 1993), band 4.1 domains (Yang & Tonks, 
199 l ) ,  and modules homologous to lipid-binding proteins (Gu 
et al., 1991). The presence of the ligand or protein binding 
motifs within regulatory domains suggests that the subcellular 
location of PTPs may play an important role in controlling 
their activities and substrate specificities. For example, PTPs 
confined to the nucleus, such as PAC-1 and dPTP61F, may 
beimportant in regulating gene expression (Rohan et al., 1993; 
Zhang & Dixon, 1994). 

Within the cytosolic family of protein tyrosine phosphatases 
is a distinct group of low molecular weight cytoplasmic proteins 
that are 157 amino acids in length with molecular weights of 
approximately 18 000. These proteins, found in a variety of 
tissues including human placenta and bovine heart (Waheed 
et al., 1988; Zhang & Van Etten, 1990), contain the PTP 
signature sequence but appeared to exhibit no other sequence 
homology or similarity to the other PTPs. Generally, these 
low molecular weight phosphatases exist in two isoforms which 
are thought to be derived from a single gene by an alternative 
splicing of the primary RNA transcript (Lazaruket al., 1993). 
Although the exact function of these phosphatases is currently 
unknown, they display in vitro phosphatase activity toward 
a wide variety of phosphotyrosine substrates, including 
tyrosine-phosphorylated angiotensin, tyrosine kinase p40, 
erythrocyte band 3, IgG, and EGF receptor (Chernoff & Li, 
1985; Boivin & Galand, 1986; Waheed et al., 1988; Ramponi 
et al., 1989; Zhang & Van Etten, 1990). In addition, it has 
been shown that overexpression of the bovine low molecular 
weight PTP in NIH/3T3 fibroblasts inhibits normal and 
oncogenic v-erbB-transformed cell growth, suggesting that 
this PTP may act on phosphorylated substrates that are 
activated by growth factor-dependent mitogenic stimulation 
as well as by oncogenic transformation (Ruggiero et al., 1993). 
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Despite the range of sequence homology between the 
different protein tyrosine phosphatases, all PTPs share a highly 
conserved stretch of amino acid residues, known as the 
signature sequence, consisting of CXXXXXR(S/T)(G/P), 
where three of the residues preceding the C are hydrophobic 
residues. Chemical modification (Zhang et al., 1992), 31P 
NMR spectroscopy (Wo et al., 1992a; Cho et al., 1992), and 
site-directed mutagenesis (Guan & Dixon, 1991; Cirri et al., 
1993; Davis et al., 1994a) studies have demonstrated that the 
cysteine residue in the signature sequence is the enzymatic 
nucleophile and that the nearby arginine residue is directly 
involved in phosphate binding. On the basis of these and 
other studies, the same catalytic mechanism has been proposed 
for all PTPs: initial nucleophilicattackon thephosphotyrosine 
by the active site cysteine followed by nucleophilic displacement 
of the phosphate by a water molecule (Saini et al., 198 1 ; Zhang 
& Van Etten, 1991; Cho et al., 1991). 

In order to gain a better understanding of the molecular 
basis for the regulation, chemical mechanism, and substrate 
specificity of the PTPs, we have undertaken structural studies 
of a low molecular weight protein tyrosine phosphatase initially 
isolated from bovine heart (BHPTP). We have recently 
reported on the backbone 'H, lSN, and I3C chemical shifts 
and the secondary structure for this protein tyrosine phos- 
phatase (Zhou et al., 1994). In this paper, we present the 
three-dimensional structure of this protein determined in 
solution using heteronuclear multidimensional NMR spec- 
troscopy. In addition, the location of the phosphate binding 
site was identified on the basis of the changes observed in 
IH/ISN HSQC spectra of BHPTP upon binding phosphate 
or the competitive inhibitor vanadate. The structure is 
interpreted in terms of previous mutagenesis and chemical 
modification studies of this enzyme and is compared to the 
recently reported crystal structure of the catalytic domain of 
human PTPlB (Barford et al., 1994). 

MATERIALS AND METHODS 

Sample Preparation. Recombinant BHPTP was expressed 
in Escherichia coli and purified using procedures similar to 
those described previously (Wo et al., 1992a; Zhou et al., 
1994). An additional purification step consisting of reverse- 
phase HPLC (21.4 X 250 mm Dynamax-300A C18 column 
with a linear gradient from 32% to 62% acetonitrile in water 
containing 0.1% TFA) was added to the published procedure 
to remove trace amounts of protease contamination. The 
fractions containing the enzyme were combined and concen- 
trated. The protein was denatured in 6 M urea in the presence 
of 20 mM DTT. Renaturation of the protein was achieved 
through dialysis against 100 mM sodium acetate buffer 
containing 30 mM sodium phosphate and 1 mM EDTA at pH 
5.0. The renatured protein was further purified using a SP- 
Sephadex C-50 cation-exchange column as reported previously 
(Wo et al., 1992a) and concentrated to 1 mM in sodium 
phosphate buffer (100 mM, pH 5.0) containing 9: 1 H20:D20 
or 100% D20. 

NMR Spectroscopy. NMR experiments were performed 
at 37 OC on Bruker AMX5OO and AMX600 NMR spec- 
trometers equipped with triple resonance probes and a pulsed 
field gradient accessory (AMX600). Pulsed field gradients 
were used to provide water and artifact suppression using 
methods described by Bax and Pochapsky (1 992). Quadrature 
detection in the indirectly detected dimensions of all experi- 
ments was accomplished using the States-TPPI method 
(Marion et al., 1989a). All spectra were processed and 
analyzed on Silicon Graphics workstations using in-house- 
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written software. The complex data in the indirect dimensions 
were extended by linear prediction prior to Fourier trans- 
formation (Olejniczak & Eaton, 1990). 

A 3D HCCH-TOCSY (Kay et al., 1993) spectrum was 
collected on [U-'SN,13C]BHPTP in 100% D2O buffer as.96 
X 64 X 1024 complex points using sweep widths of 7246.4 Hz 
(lH, t l ) ,  8591.1 Hz (I3C, t2), and 10 000 Hz (IH, t 3 ) .  For 
each complex tl,t2 increment, 64 scans were collected for a 
total measuring time of 5.5 days. The IH carrier was positioned 
on the water frequency for both 'H dimensions, and the 13C 
carrier was placed at 39.8 ppm. Two different experiments 
with DIPSI-2 (Rucker & Shaka, 1989) mixing times of 9.6 
and 19.3 ms were collected under identical spectrometer 
conditions. In order to assign the aromatic 'H and 13C signals, 
a separate HCCH-TOCSY experiment was performed with 
96 X 33 X 2048 complex points collected over 7575.8 Hz (IH, 
t l ) ,  4545.5 Hz (I3C, tz), and 10 000 Hz (IH, t 3 )  sweep widths, 
with the 13C carrier positioned at 125.0 ppm. In this 
experiment, the DIPSI-2 mixing scheme was applied for 6.6 
ms, and the total measuring time was 72 h. 

A 3D lSN-separated NOESY-HSQC spectrum was col- 
lected using an 80-ms mixing time on [U-lSN]BHPTP in 90% 
H2O. The data were collected as 96 X 64 X 1024 complex 
points over sweep widths of 7142.9 Hz (IH, t l ) ,  1947.8 Hz 
(I5N, tz), and 10 000 Hz (IH, 23) in 64 scans per complex t1,t2 
time point for a total experiment time of approximately 120 
h. Additional suppression of the residual solvent signal was 
accomplished by convolution of the timedomain data (Marion 
et al., 1989b). In addition, a 3D I3C-separated HMQC- 
NOESY experiment was performed with an 80-ms mixing 
time on [U-lsN,l3C]BHPTP in 100% D2O buffer with 128 X 
48 X 1024 complex points over sweep widths of 6578.9 Hz 
(lH, tl),  5611.7 Hz (I3C, t2), and 10 000 Hz (IH, t 3 ) ,  
respectively. For each complex tl,t2 increment, 64 scans were 
collected for a total acquisition time of approximately 120 h. 
The carrier was on the residual HOD signal in both 'H  
dimensions and was at 66.5 ppm in I3C. Final data set sizes 
were 1024(IH,o3) X 512(IH,o2) X 128(I3C,o1)realpoints. 

A 3D HNHB (Archer et al., 1991) experiment was 
performed on the AMXSOO using [U-15N]BHPTP in 90% 
H20. The data were collected as 64 X 56 X 1024 complex 
points using sweep widths of 5681.8 Hz (lH, tl), 1623.4 Hz 
(15N, t 2 ) ,  and 8333.33 Hz (lH, t 3 )  with the IH carrier at the 
water frequency and lSN at 116.3 ppm. The total acquisition 
time was 70 h. Solvent suppression was afforded by spin lock 
purge pulses (Messerle et al., 1990). Removal of the residual 
solvent signal was accomplished by convolution of the time- 
domain data (Marion et al., 1989b). 

Stereospecific assignments for the methyl groups in valine 
and leucine residues were obtained from an analysis of the 
l3C-I3C one-bond couplings observed in a high-resolution 'H, 
13C HSQC experiment (Bodenhausen & Ruben, 1980) 
collected on a nonrandomly I3C-labeled BHPTP sample using 
the approach described by Wuthrich and co-workers (Neri et 
al., 1991). The data were collected on the AMXSOO 
spectrometer as 576 (I3C, t l )  X 2048 (IH, t 2 )  complex points 
yielding acquisition times of 245 and 109 ms for 'H and I3C, 
respectively. 

Structure Calculations. Structure calculations based upon 
the experimentally derived restraints were performed using 
X-PLOR following the distance geometry/simulated anneal- 
ingprotocol asdescribedin theX-PLOR 3.1 manual (Brunger, 
1992). The starting structures obtained from distance 
geometry were refined by dynamical simulated annealing 
following standard protocols (Nilges et al., 1988). The 
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FIGURE 1: Solution structure of BHPTP. Stereoviews showing the superposition of the Ca,  C', and N backbone atoms for residues 5-157 
in the 15 lowest energy structures of BHPTP (A) and those residues forming the secondary structure elements (B). 

X-PLOR Frepel function was used to simulate van der Waals 
interactions with atomic radii set to 0.75 times their 
CHARMM values (Brooks et al., 1983). NOE distance 
restraints were applied with a square-well potential and a 
force constant of 50 kcal.mol-l*A-*. Torsional restraints were 
applied to q5 angles with a 200 kcal-mol-1.rad-2 force constant. 
Dihedral bounds of -120 f 30° were applied for residues with 
3&NHa coupling constants >9.0 Hz a n d 4 0  f 30° for coupling 
constants 6 . 5  Hz. The latter restraints were only applied 
in regions identified as a-helical from NOE patterns. 
Hydrogen bonds, identified for slowly exchanging amides based 
upon initial structures, weregiven boundsof 1.8-2.3 A ( H - 0 )  
and 2.5-3.3 A (N-0) and applied with a force constant of 
50 kcal.mol-1.A-2. Distance restraints were obtained from 
the NOE cross-peak intensities and classified as strong, 
medium, or weak, corresponding to distance bounds of 1.8- 
3.0, 1.8-4.0, and 1.8-5.0 A, respectively. Corrections for 
center averaging (Wiithrich et al., 1983) were applied where 
appropriate to reflect the proton type (CH3, CH2, or aromatic) 
and the availability of stereospecific assignments. 

Inhibitor Titration Experiments. The buffer conditions 
(100 mM phosphate) used to determine the BHPTP structure 
result in inhibition of the BHPTP-catalyzed hydrolysis of 
p-nitrophenyl phosphate (pNPP). The phosphate binding site 
was characterized by comparing the chemical shift changes 
observed for the backbone amide resonances of BHPTP in 
'H, 15N HSQC spectra (Bodenhausen & Ruben, 1980) 
collected in 100 mM sodium phosphate versus 100 mM sodium 
acetate (pH 5.0) buffer. Chemical shift changes upon binding 
sodium vanadate (VOd3-), a competitive inhibitor for pNPP 

hydrolysis (Ki = 35 pM; Zhou et al., 1993), were determined 
from a series of six HSQC spectra collected in 100 mM sodium 
acetate buffer with VOd3- concentrations ranging from 0 to 
2.5 mM (saturating) levels. The HSQC spectra were acquired 
as 96 X 1024 complex points using sweep widths of 1947.8 
Hz (lSN, t l )  and 10 000 Hz (IH, t2), respectively. 

RESULTS AND DISCUSSION 
Assignments. Sodium phosphate acts as a competitive 

inhibitor for the enzymatic activity of BHPTP with a Ki of 
-1 mM. Thus, the assignments were obtained and the 
structure determination was performed on the inhibited, 
phosphate-bound form of BHPTP. The sequence-specific 'H, 
13C, and 15N backbonechemical shift assignments for BHPTP 
were obtained from a combination of double- and triple- 
resonance multidimensional NMR experiments as recently 
described (Zhou et al., 1994). From these chemical shift 
assignments, we were able to determine the secondary structure 
of BHPTP. In order to determine the three-dimensional 
structure of the protein, the side-chain chemical shift assign- 
ments were obtained from 3D HCCH-TOCSY experiments 
by correlating the previously assigned H a  and C a  signals 
with the remainder of the side chain. Two data sets, collected 
with TOCSY mixing times of 9.6 and 19.3 ms, provided a 
complete set of correlations for most aliphatic side chains, 
allowing most of the lH and 13C signals to be assigned. The 
assignment of some of the &protons could not be made in the 
HCCH-TOCSY spectra due to missing correlations or spectral 
overlap. Some of these Hj3 assignments were obtained from 
a 3D HNHB experiment, and all assignments were subse- 



11090 Biochemistry, Vol. 33, No. 37, 1994 Logan et al. 

7.0 

70 , 1 I I I I 1 I 1 

I I I 1 I 1 I 

-- - 
- 

50 

40 

30 

20 

10 

0 

4.0 

3 .O 

2.0 

1.0 

0 .o 

8.0 1 I 1 I 1 I 1 1 1 

7.0 6 .O ti 
5 .O 

4.0 

3 .O 

2.0 

1 .o 

0 .o 
40 h() S ( )  1 0 0  I 2.0 1-10 1 GO 

residue number 
FIGURE 2: (A) Histogram of NOE restraints vs residue number. The height reflects the total number of NOE-derived restraints for each 
residue while the black, gray, and white portions of the box correspond to the intraresidue restraints, the sum of sequential and short-range 
restraints, and the long-range restraints, respectively. Residue-based root mean square deviations (A) of the atomic coordinates from the 
average structure for (B) the backbone heavy atoms and (C) all non-hydrogen atoms. 

quently confirmed by the 13C NOESY-HMQC data. Due to 
problems of spectral overlap, the side chains of 3 of the 12 
arginine spin systems (R58, R64, and R101) could not be 
assigned. Additional problems attributed to line broadening 
of the NMR signals precluded the complete assignment of 
R18, S19, E93, G117,Q122, K123,1127, and P130. 

The aromatic spin systems of Phe, Tyr, Trp, and His residues 
were identified and assigned using data from a 3D HCCH- 
TOCSY experiment which had been optimized for aromatic 
lH/ 13C correlations. Sequence-specific assignment of the 
aromatic spin systems was accomplished using both lSN- and 
%separated NOESY data. Despite thecombination of these 
different experiments, Ht/C[ assignments for three Phe 
residues (F10, F26, and F138) could not be made. 

Stereospecific assignments of Val and Leu methyl groups 
were obtained from a 2D lH, 13C HSQC spectrum collected 

on a nonrandomly 13C-labeled sample. In this experiment, 
assignment of the pro-R and pro-S methyl groups is based on 
the observation of W-W couplings arising from the ste- 
reospecific transfer of thepro-S methyl group in the branched 
chain amino acid biosynthetic pathway (Neri et al., 1989). 
From these data, stereospecific methyl group assignments were 
obtained for 7 of 11 leucines and for 11 of 15 valines. 
Stereospecific assignments could not be determined for all of 
these residues due to overlapping resonances in either the 2D 
or 3D experiments. 

Structure Determination. Analysis of 3D SN-separated 
NOESY-HSQC and 13C-separated HMQC-NOESY experi- 
ments provided a total of 1626 approximate interproton 
distance restraints. Of the restraints used in the structure 
calculations, 523 were nontrivial intraresidue, 367 were 
sequential, 221 were between residues separated by less than 
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Table 1 : Structural Statistics and RMSD for 15 PTP Structures' 
- 

structural statistics (SA) (SA), 
X-PLOR energies (kcal-mol) 

Emt 1 7 0 f  5 176 
ElWlb 15*2  20 
Eaiih' 0.1 f 0.1 0.1 
ENOE~ 11 f 1 7 

bonds (A) 0.03 * 0.00 0.03 
angles (deg) 0.40 f 0.01 0.41 
impropers (deg) 0.37 * 0.02 0.38 

RMSD from idealized values 

Cartesiancoordinate RMSD (A) N, Ca, C' heavy atoms 
(SA) vs (SA)' 1.03 f 0.1 1.60 f 0.1 

a (SA) is the ensemble of 15 final X-PLOR structures generated from 
the DG/SA protocol as described in the X-PLOR 3.1 manual (Briinger, 
1992); ( S A )  is the Cartesian coordinates obtained by averaging (SA) 
following a least squares superposition of the backbone heavy atoms (N, 
Ca, C') for residues 5-157; (SA), is the energy-minimized average 
Cartesian coordinates. The X-PLOR Frepcl function was used to simulate 
van der Waals interactions with atomic radii set to 0.75 times their 
CHARMM (Brooks et al., 1983) values. Torsional restraints were 
applied to 61 I#I angles with bounds of -120 f 30' for those angles with 
]JHN,HA coupling constants >9.0 Hz and-60 f 30° for coupling constants 
C5.5 Hz. Restraints for the latter were applied only in the a-helical 
regions. Force constants of 200 kcal-mol-'.rad-* were employed on all 
torsional restraints. A total of 1626 nontrivial NOE-derived distance 
restraints were a plied with a square well potential and a force constant 
of 50 kcalmol-1.~-2. In addition, 60 hydrogen bonds were included and 
given distance bounds of 1.8-2.3 ( H h O )  and 2.5-3.3 (N-0) A. No 
distance restraint was violated by >0.30 A in any of the final structures. 

RMSD for residues 5-157. 

five residues in the primary amino acid sequence, and 515 
were between residues farther apart in the sequence. Dihedral 
angle (4) restraints for 25 residues that were previously 
obtained from 3JHNHa coupling constants (Zhou et al., 1994) 
measured in HMQC-J (Kay & Bax, 1990) and HNHA-J 

(Vuister & Bax, 1993) experiments were also included in the 
structure calculations. Additional distance restraints in the 
form of 30 hydrogen bonds were included in the final structures. 
The amides participating in hydrogen bonds were identified 
by slowed amide exchange (Zhou et al., 1994), and the 
hydrogen bond acceptors were identified from an analysis of 
initial structures calculated using only NOE and dihedral 
restraints. 

Figure 1A depicts a stereoview of the 15 lowest energy 
structures of BHPTP that were generated from the NMR- 
derived restraints using a distance geometry/simulated an- 
nealing protocol. As shown in Table 1, the structures satisfy 
the distance restraints with no violations greater than 0.3 A 
and show good covalent geometry and nonbonded contacts. 
For the majority of the protein, the structure is well-defined 
by the NMR data with an atomic root mean square (rms) 
distribution from the mean coordinate positions of 1.03 A for 
the backbone atoms and 1.60 A for all heavy atoms for residues 
5-157. When residues L116-El39 (the least defined region 
of the protein) are excluded, the rms distribution decreases 
to 0.81 and 1.33 A for backbone and all heavy atoms, 
respectively. 

As shown in Figure 2, the precision of the NMR-derived 
structures displayed as the residue-based rms distribution 
varies greatly for different regions of the molecule and 
correlates with the number of experimentally determined 
restraints. The regions of BHPTP with the lowest rms 
distribution are defined by the largest number of NOES 
(Figures 1B and 2), whereas the regions with the higher rms 
distributions were defined by a smaller number of NOEs. In 
BHPTP, the residues with the highest rms distributions are 
found in loop regions. For some residues (V46454),  short- 
range and intraresidue NOEs, but no medium- or long-range 
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most of the backbone dihedral angles lie within the energeti- 
cally favorable regions of ++ space (Figure 4), especially for 
thoseresidues with SangIe >0.90 (87 of 155 residues, excluding 
the N- and C-termini) (Figure 4B). 

3 0  Structure of BHPTP. As shown in Figure 5, the 
structure of BHPTP consists of a four-stranded twisted parallel 
@-sheet, four a-helices, one 310 helix, and several connecting 
loops. The @-sheet is formed by residues K6-V11 (Pl), W39- 
G44 (@2), Y87-C90 (@3), and K112-Ll15 (@4), with an 
overall strand folding topology of + lx ,  -2x, -lx, as previously 
reported (Zhou et al., 1994). Strands @l and @2 are connected 
by a loop and an amphipathic a-helix (residues P20-V30, 
a l ) .  NOEs between residues A22/F10, F26/V8, F26/141, 
and V30/141 indicate that a1 lies on top of the @-sheet and 
parallel to the strands, forming a right-handed @a@ motif as 
is commonly observed in many proteins (Rao & Rossmann, 
1973; Sternberg & Thornton, 1977). A similar topology is 
observed for strands @3 and p4, which are connected by the 
fourth helix (L96-KI02, a4) as evidenced by NOEs observed 
between residues I88/L99, C90/L99, I1 13/L96, I1 13/L99, 
and L115/L96. The right-handedness of this second @a@ 
motif places a 4  on the opposite face of the @-sheet relative to 
al .  

Between strands 02 and @3 are an a-helix (P57-H66, a2) 
and two turns of a 310 helix (K79-T84, a3) that are connected 
by stretches of nonregular secondary structure. The basis for 
assigning a 3  as a 310 helix is the absence of a N  (i, i+4) NOES 
in the 15N-separated NOESY-HSQC spectrum (Zhou et al., 
1994) and the absence of strong a@ (i, i+3) NOEs in the 
I3C-separated HMQC-NOESY data. However, the dihedral 
angles observed in the final structures are consistent with 
either a 310 or an a-helix. NOEs observed between hydro- 
phobic residues in these two helices orient these helices with 
respect to the rest of the protein. Most of the amino acid 
sequence changes associated with the various isoforms of the 
low molecular weight PTPs (Taga & Van Etten, 1982; Camici 
et al., 1989; Dissing et al., 1991; Manao et al., 1992; Wo et 
al., 1992a,b) are located in this region. Changes in the amino 
acid sequence resulting from nonconserved substitutions can 
easily be accommodated at this site, and changes in the primary 
sequence of this loop will result in only minor perturbations 
to the overall structure of the various low molecular weight 
PTPs. 

At the C-terminus of BHPTP, an a-helix (E139-V156, 
a5) is found that is connected to @4 by a long loop with little 
defined secondary structure (L116-Fl38). Several NOEs 
were observed between residues in a5 and residues in al ,  @l,  
and 03, indicating that a5 is located next to a 1  on the top face 
of the @-sheet. In all of the final structures, an irregularity 
in the helicity is observed for a5. In contrast to the 4 angles 
of -65' which are typically observed for residues in regular 
a-helices, a 4 value of approximately -1 20' was observed for 
C149. 

Mapping the Inhibitor Binding Site. Sodium phosphate 
acts as a competitive inhibitor of the BHPTP-catalyzed 
hydrolysis of p-nitrophenyl phosphate (pNPP), a nonphysi- 
ological phosphotyrosine analogue. Under the conditions used 
in the current study, BHPTP is in the inhibited, phosphate- 
bound form. The inhibitor binding site was investigated by 
comparing the amide IH and I5N chemical shifts observed in 
HSQC spectra of [U-I5N]BHPTP collected in the presence 
(100 mM phosphate buffer, pH 5.0) and absence (100 mM 
sodium acetate buffer, pH 5.0) of phosphate. Two types of 
effects were observed in acetate versus phosphate buffer: 

- - 
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NOEs, were observed which prevented us from defining the 
locations of these residues with respect to the remainder of 
the protein. For other residues, e.g., C17-S19, E93-N95, 
and D119-1127, the lack of NOEs was attributed to line 
broadening due to chemical exchange. 

Another measure of the precision for the family of structures 
calculated from the NMR data is provided by the angular 
order parameter, Sangie (Hyberts et al., 1992). Sang1e is the 
normalized vector sum of a particular torsion angle over all 
of the structures. Values approaching zero correspond to an 
essentially random distribution of angles, whereas Sangle  values 
near unity indicate torsional convergence. The SangIe values 
for both 4 and + derived for each residue using the 15 lowest 
energy BHPTP structures are shown in Figure 3. The angular 
order parameters indicate that the torsional precision in the 
structures varies considerably along the backbone of BHPTP, 
and thisvariation is in strong agreementwith thedata presented 
in Figure 2. As observed with other proteins, the highest 
value of .!Tangle are associated with residues found in regular 
secondary structures, which are defined by the largest number 
of restraints (Figure 2), and the lowest Sanglevalues are observed 
for residues in regions with little regular secondary structure, 
such as L116-El39. As shown in Figure 4, Ramachandran 
plots for the backbone angles of all 15 structures indicate that 
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FIGURE 5: Ribbon diagram (Carson, 1987) of the BHPTP structure. The @-sheet strands and helices are labeled according to the discussion 
in the text. 
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FIGURE 6: Ribbon diagram of BHPTP highlighting the residues forming the active site. The backbone heavy atoms of the residues that exhibit 
the largest 15N (>10.27\ ppm) and lH (>/0.04( ppm) chemical shift changes upon binding to the inhibitors are indicated in blue. Residues L16, 
G17, and R18 are colored in white. The heavy atoms of residues C12 and A18 are shown. The sulfur atom of C12 is colored in yellow; the 
guanidinium nitrogens of A18 are in red. 

These results were extended by analyzing the effects of 
added sodium vanadate (VOsz), a potential transition-state 
analogue for phosphatases (Van Etten et al., 1974). Like 
phosphate, vanadate is a competitive inhibitor of pNPP 

altered chemical shifts (residues C12, A22, E23, F26, V46, 
S47,V60,N69,R75,L96,Dl29,4144,andR150) or missing 
peaks in the lsN/lH correlation spectrum (residues L13- 
S19). 
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FIGURE 7: Schematic folding topology diagram comparing the secondary structural elements between (A) PTPl B and (B) BHPTP. Arrows 
represent @-strands, rectangles represent a-helices, and lines indicate regions of nonregular secondary structure. Figure 7A is adapted from 
Barford et al. (1  994). 

hydrolysis but exhibits a higher affinity for the active site (Ki 
= 35 pM; Zhou et al., 1993). It was thought that the tighter 
binding of vo43- compared to phosphate would alter the 
position of the equilibrium resulting from the chemical 
exchange such that the residues which exhibited line broadening 
in phosphate and acetate buffer would be observed. In the 
absence of V 0 4 s ,  L 1 3 4  19 were broadened beyond observa- 
tion. At intermediate Vo43- concentrations, correlations for 
L13-I16 appeared which subsequently sharpened and ap- 
proached the chemical shifts observed in 100 mM phosphate 
as the titration continued. At saturating V04sconcentrations, 
all of the residues which were perturbed in phosphate binding 
were also perturbed upon binding vOd3- except for C17, R 1 8, 
and S19, which were not observed. Thus, a similar set of 
residues is perturbed upon binding both inhibitors. Most of 
these residues are located at  the C-terminal end of one of the 
central @-strands, with residues in a 1  (A22, E23), a 2  (V60), 
a 4  (L96), a5 (Q144, R150), and some of the interconnecting 
loop regions also contributing to the binding (Figure 6). The 
differences in line broadening are centered around R18, 
suggesting a critical role for this residue in binding these 
inhibitors. 

The results obtained in this study can be used to explain 
and extend earlier results on the chemical mechanism of 
BHPTP. Chemical modification (Zhang et al., 1992), 
spectroscopic (Wo et al., 1992a), and mutagenesis (Cirri et 
al., 1993; Davis et al., 1994a) studies have indicated that C 12 
is the active site nucleophile and that R18 is required for 
catalytic activity (Cirri et al., 1993; Davis et al., 1994a). Our 
titration data also demonstrate the involvement of residues 
C12-Rl8 in the binding of phosphate. In the three- 
dimensional structures presented here, R18 is in a loop 
extending from the C-terminus of @1 into the N-terminus of 

a 1  , an arrangement which would allow interactions between 
both residues and the phosphate group of the phosphotyrosine. 
However, the NMR data is ambiguous regarding the beginning 
of a1 . Slow amide exchange for residues I2 1 and A22 (Zhou 
et al., 1994) indicate extension of a 1 at least to S 19 and possibly 
to R18. However, the low signal to noise observed for the 
residues in this region precluded the identification of NOES 
characteristic of a-helices. The location of the phosphate 
group near the amino terminus of an a-helix would allow 
additional stabilization of the phosphate-bound form by 
electrostatic interactions between the phosphate group and 
the helix macrodipole (Hol et al., 1978). 

Previous studies have shown that H72 is involved in the 
binding and affects the hydrolysis of phosphorylated substrates 
by BHPTP (Zhou, 1993). H72 has a high pK,, (9.2) which 
may be due to interactions with one or more nearby anions 
(Davis et al., 1994b). Kinetic analysis of an H72A mutant 
revealed that this residue is not directly involved in the chemical 
mechanism of BHPTP but was postulated to be involved in 
defining the integrity of the enzyme active site. The present 
study shows that H72 is located in the loop connecting a 2  and 
a3, positioned away from C12 and the active site. Although 
the current NMR structures are not able to uniquely orient 
the H72 side chain, the side chains of E23 and D42 lie above 
the imidazole group of H72. The amide of E23, but not D42, 
is perturbed upon binding v0s3-. Thus, H72 could exert its 
effects on substrate binding at the active site through 
electrostatic interactions with the side chain of E23, which is 
located near the N-terminus of al. Mutations which destroy 
this interaction (Le., H72A) may alter the size and possibly 
the orientation of this side of the active site. 
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Comparison with Other Protein Structures. Identification 
of the folding topology and the location of the active site of 
the BHPTP structure indicates that this protein belongs to a 
family of proteins with open a//3 structures (Branden, 1980). 
Other proteins exhibiting this open a/@ folding motif include 
lactate dehydrogenase (Adams et al., 1970), phosphoglycerate 
mutase (Campbell et al., 1974), both domains of the arabinose- 
binding protein (Gilliland et al., 1981), adenylate kinase 
(Dreusicke et al., 1988), the bacterial chemotaxis response 
regulator protein CheY (Stocket al., 1993), flavodoxin (Smith 
et al., 1977; Stockman et al., 1990), enzyme IIBccllobiose of the 
sugar transport system (Ab et al., 1994), and rhodanese, a 
sulfur transferase (Ploegman et al., 1978). The sizes, amino 
acid sequences, chemistry, and folding topologies of the parallel 
0-sheet of these proteins are very different from one another. 
Nevertheless, each of these proteins are involved in binding 
to phosphorylated (or sulfated) substrates or cofactors, and 
the ligand binding site is located at the C-terminal end of a 
central parallel &strand followed by a loop into theN-terminus 
of an a-helix, similar to BHPTP. Among these proteins, 
BHPTP shows especially strong structural homology with 
flavodoxin and Che Y. Both of these proteins have folding 
topologiesof lx,-2x,-lx,-lxfor their centralparallelfi-sheets 
which closely resemble the topology (lx,-2x,-lx) of BHPTP. 

Comparison to  PTPl B. Recently, the crystal structure of 
a truncated form (321 of 435 residues) of the protein tyrosine 
phosphatase PTPlB has been reported (Barford et al., 1994). 
PTPl B is a high molecular weight membrane-associated 
protein tyrosine phosphatase, exhibiting only limited sequence 
homology to BHPTP. PTPlB is much larger than BHPTP 
and contains a single catalytic phosphatase domain which 
consists of 8 a-helices, 12 &strands, and several connecting 
loops. Despite the lack of sequence homology, there is local 
structural similarity between the two phosphatases (Figure 
7). The hydrophobic core of both proteins consists of a four- 
stranded parallel /%sheet flanked by a-helices. Furthermore, 
the active site nucleophiles (C215 in PTPlB and C12 in 
BHPTP) are located at the C-terminal end of a central &strand 
which is followed by a short loop into an a-helix. In PTPlB, 
the active site arginine, R221, is located three residues into 
the a-helix from its N-terminus and forms hydrogen bonds 
to a tungstate anion bound in the active site, coincident with 
the axis of the a-helix. In BHPTP, the location of the 
corresponding residue (R18) is ambiguous from the NMR 
data, although the presence of a proline residue at the Arg + 
2 position suggests that a 1  does not extend past R18 
(Richardson & Richardson, 1988; Serrano et al., 1992; Blaber 
et al., 1993). Amino acid sequence alignment (Camici et al., 
1989) reveals that other protein tyrosine phosphatases, Le., 
cdc25-like PTPs, also have a proline residue at the Arg + 2 
position. The location of the active site arginine near the 
N-terminus of an a-helix, as in BHPTP, as opposed to being 
well within the helix, as observed for PTPlB, places restrictions 
on the size of the binding site and may directly affect substrate 
binding preferences. 

CONCLUSIONS 

In this report, the first solution structure of a protein tyrosine 
phosphatase is presented. The structure is based upon over 
1700 experimental restraints determined by multidimensional 
heteronuclear NMR methods. BHPTP consists of a central 
four-stranded parallel @-sheet flanked by four a-helices and 
one 3 10 helix. The phosphate binding site is formed by residues 
at the C-terminus of Pl,  the N-terminus of a l ,  and the loop 
connecting these two elements, based on lH and 15N chemical 
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shift changes observed in the presence and absence of phosphate 
and vanadate. Other residues involved in anion binding are 
found in a l ,  a4, a5, and some interconnecting loop regions. 

To date, the structure of only one other PTP has been 
reported. That protein, PTPlB, belongs to a different class 
of PTPs and differs significantly from BHPTP. Despite the 
many differences between the two proteins, the central 
hydrophobic core and phosphate binding sites are structurally 
homologous. Comparisons of the structural motifs used in 
substrate recognition in these and other members of the PTP 
family will be important for elucidating the regulation and 
physiological roles of this important class of proteins. This 
structure will aid in the design of future mutagenesis 
experiments to probe the catalytic mechanism and substrate 
binding of this class of PTPs. 
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